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ABSTRACT We have investigated through molecular dynamics the binding properties at the interface between the C-type
lectin subdomain (CLD) of aggrecan and the ﬁbronectin type III domains (4–5FnIII) of tenasin, in particular the mechanistically
unknown, but essential role of Ca21 in the binding. The binding between the CLD and 4–5FnIII is critical in cross-linking
aggrecan, hyaluronan, and tenascin to form extended protein networks found in tissues such as cartilage. None of the
structurally resolved Ca21 ions in the complex of the CLD and 4–5FnIII is directly bridging the two proteins. However, one of the
Ca21 ions (Ca2) is found to play the role of maintaining the structure of the L4 loop at the CLD binding surface, thus facilitating a
high afﬁnity binding between the CLD and 4–5FnIII. Removal of this Ca21 ion causes a drastic structural change in the L4 loop,
which presumably hinders the binding of the CLD to the 4–5FnIII. The other bound Ca21 ions (Ca1 and Ca3) have no signiﬁcant
effect on the structure of the CLD binding surface, and thus are not expected to affect the binding. Our results might also
suggest that the role of Ca2 in maintaining the structure of the L4 loop is most important during the binding process. Once
the complex is formed, the dependence of the complex on the structuring role of Ca2 is reduced. In response to tensile force,
the CLD and 4–5FnIII separate by breaking ﬁrst the electrostatic interactions at the interface, followed by the hydrophobic
ones. The sequence of the unbinding events and the maximum force required to separate the two proteins are independent of
the presence of the Ca21 ions, underlying the indirect role of Ca21 in the binding.
INTRODUCTION
Extracellular matrix (ECM) proteins are multimodular and
multifunctional molecules, whose components are produced
intracellularly and secreted into the ECM. They assemble
into well-organized protein networks in the ECM and provide
structural and biomechanical properties crucial for survival,
proliferation, and differentiation of cells. However, the
mechanisms by which different ECM proteins assemble into
complex yet well-organized networks are largely unknown,
especially at the structural level. Atomic resolution structures
of a number of ECM protein modules have been resolved
using x-ray crystallography and NMR spectroscopy (1).
These structures provide structural basis for certain func-
tional aspects of the ECM proteins. The majority of the re-
solved structures, however, are those of individual protein
modules or tandem modules of same proteins. Only recently,
a few structures of complexes of different ECM proteins were
resolved, enabling us to begin to understand at the atomic
level the interactions involved in their assembly into ECM
networks (1–3).
One of such complex structures is the x-ray structure of the
C-type lectin subdomain (CLD) of aggrecan and the FnIII
domains (3–5FnIII) of tenasin resolved by Lundell et al. (2)
(Fig. 1). The authors proposed that the interactions between
the CLD and 3–5FnIII are responsible for cross-linking the
aggrecan-hyaluronan complexes to form extended protein
networks, which is supported by their electron microscopy
study showing the cross-linked tenascin and aggrecan-
hyaluronan molecules (2).
Aggrecan is the most extensively studied lectican. Lecti-
cans have in common 1), an N-terminal globular G1 domain
that binds hyaluronan via a linker protein; 2), a C-terminal
globular G3 domain that binds to various proteins including
tenascin; and 3), a central elongated domain with covalently
linked glycosaminoglycan side chains (4). Aggrecan is re-
sponsible for generating a large osmotic swelling pressure in
tissues such as cartilage, which is critical to the mechanical
properties of these tissues. Negatively charged anionic
groups on the glycosaminoglycan side chains of aggrecan
attract and carry mobile counterions, e.g., Na1, thus creating
a large difference in ion concentration between the cartilage
and the surrounding tissues. Consequently, water is drawn
into the cartilage, causing the aggrecan matrix network to
swell and expand (4).
Tenascins are expressed in the central nervous system and
connective tissues during development, and reexpressed
during wound healing. They bind to a variety of other com-
ponents of the ECM, e.g., fibronectins and lecticans, and to
cell surface receptors, such as integrin and cell adhesion
molecules of the immunoglobulin superfamily. Tenascins are
involved in a wide range of physiological processes, such as
embryonic development and tissue remodeling (5). They all
have a tenascin assembly domain at the N-terminus, followed
by epidermal growth factorlike repeats, fibronectin type III
(FnIII) repeats, and a C-terminal fibrinogenlike globular
domain.
The interaction between aggrecan and tenascin is reported
to be highly Ca21-dependent (6,7). However, in the complex
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structure all of the resolved Ca21 ions are only in contact with
the CLD, i.e., none of them is close enough to the binding
interface to directly mediate the interaction between aggrecan
and tenascin. This is in contrast to the orthodox Ca21-medi-
ated binding of biological systems (see for example, (8–10)),
where Ca21 ions engage in direct contacts with both binding
partners, thus stabilizing the complex.
In the crystal structure of the complex of the CLD and
3–5FnIII, three Ca21 ions have been resolved, termed Ca1, Ca2,
and Ca3, respectively (see Fig. 1). Ca2 is found in all struc-
turally characterized CLDs (2,11,12), and Ca1 is found in the
majority of them, but Ca3 is not, suggesting that its presence
in the crystal structure might be due to the high Ca21 concen-
tration used in the experiments (2). It was, therefore, proposed
that Ca2 might play a structural role in maintaining the
structure of the CLD binding surface, while the presence of
Ca3 might be adventitious (2). The structural role of Ca21
ions has been shown in many proteins (13–19), where the
structural integrity is critical to the biological function. One
might wonder how such a structural role of Ca21 contributes
to the binding of aggrecan and tenascin.
In this article, we test through molecular dynamics (MD)
simulations the hypothetical structural role of Ca21 ions, and
examine how it contributes to the binding of the CLD and
4–5FnIII. Due to the biomechanical role of the aggrecan net-
work, we have also studied the response of the binding
interface to tensile force. We find that the highly comple-
mentary binding surfaces of separated CLD and 4–5FnIII are
FIGURE 1 Binding interface of the CLD and
4–5FnIII. The structures shown correspond to
the last frame of the 10-ns equilibration of the
complex with all the Ca21 ions present (Sim1),
with the crystallographic structures also shown
in gray for comparison. The CLD is shown in
red, and 4–5FnIII in green. (A) The binding
interface is composed of three distinct binding/
contact areas: two hydrophobic (I and II) and
one electrostatic (III) binding areas. Details of
interactions in these areas are shown in panels
B–D. (B) Binding area I. Hydrophobic residues
Phe92 and Phe93 at the tip of the L4 loop of the
CLD bind into a hydrophobic pocket in 4FnIII.
(C) Binding area II. Hydrophobic residue
Leu131 at the tip of loop CC9 of 4FnIII binds
into a hydrophobic pocket in CLD. (D) Binding
area III. Salt bridges and hydrogen bonds are the
main types of interaction here. (E) Binding site
of Ca2. This Ca21 ion maintains the structure of
the L4 loop by bridging its Asp90 to Glu97 and
Asp112 on the core of the CLD. (F) Binding site
of Ca1 and Ca3. These Ca21 ions maintain the
structure of the L1 loop by bridging its Glu68
and Asp64 to Asp98 on the core of the CLD.
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almost identical to those in the complex structure, indicating
that no major structural changes occur upon binding. Al-
though none of the structurally resolved Ca21 ions is directly
at the interface, removal of Ca2 causes significant structural
changes at the binding surface of the CLD, which may reduce
its binding ability. Removal of the other two Ca21 ions (Ca1
and Ca3) results in smaller structural changes, but does not
affect the binding interface. Thus, our study not only con-
firms an indirect role of Ca21 ions in the binding, but also
suggests different involvements of Ca2 and Ca1/Ca3 in the
process. The role of Ca2 is to maintain the structure of CLD
binding surface, which facilitates the binding of two highly
complementary binding surfaces, while Ca1 and Ca3 do not
seem to have an effect on the binding. In response to tensile
force, aggrecan and tenascin separate by breaking first the
electrostatic interactions, followed by the hydrophobic ones.
The maximum force required to separate the two proteins
corresponds to the disruption of the electrostatic interactions.
The unbinding sequence and maximum force are indepen-




The crystallographic structure of the complex of the CLD of aggrecan and
3–5FnIII of tenascin (PDB code 1TDQ) (2) was obtained from the protein data
bank. The 3FnIII domain of tenascin does not interact with the CLD and was
thus excluded. The complex structure of 4–5FnIII and the CLD with all the
three Ca21 ions was solvated in a water box of 1003 1003 100 A˚3. Periodic
boundary conditions were used in all directions. The size of each water box in
the following simulations is adjusted to ensure at least 20 A˚ of distance
between the protein and its images in the periodic cells. To neutralize the
system and to maintain a physiological ion concentration, Na1 and Cl ions
were added to the system at a concentration of 100 mM.
Simulation protocol
All the simulations were performed with NAMD (20), with a time step of
1 fs. The CHARMM27 parameter set (21) with TIP3P water (22) was used
for the simulations. The particle-mesh Ewald method (23) was employed for
the computation of long-range electrostatic forces, and a cutoff with a
switching function starting at 10 A˚ and reaching zero at 12 A˚ was used for
van der Waals interactions. The interaction between the Ca21 ions and the
rest of the system is described by the electrostatic and van der Waals inter-
actions, as parameterized in the CHARMM27 force field (21), i.e., no bonds
exist between the Ca21 ions and their binding pockets. In all the simulations,
the temperature was maintained at 310 K via the Langevin dynamics with a
damping coefficient, g, of 0.5 ps1. The pressure was maintained at 1 atm via
the Langevin Nose´-Hoover method (24,25).
Simulation systems
A summary of all simulation systems is given in Tables 1 and 2. Six equi-
librium simulations (Sim1-Sim6, Table 1) were performed. All the systems
were initially minimized for 5000 steps and equilibrated for 0.5 ns with pro-
teins constrained to their initial structures. The systems were then further
minimized for 5000 steps and equilibrated for 10–30 ns without any con-
straints.
In Sim1, the complex of the CLD and 4–5FnIII was equilibrated for 10 ns
in the presence of the three structurally resolved Ca21 ions (Ca1, Ca2, and
Ca3). In Sim2, all Ca21 ions were removed from the final structure of Sim1,
and the system was equilibrated for 30 ns, to examine whether removal of the
Ca21 ions would affect the structure of the complex of the CLD and 4–5FnIII.
In Sim3 and Sim4, individual CLD and 4–5FnIII molecules taken from the
final structure of Sim1 were solvated in separate water boxes, and each
equilibrated for 10 ns. These simulations were to identify any structural
changes at the binding interface of the CLD and 4–5FnIII upon their sepa-
ration, or equivalently, if structural changes should occur upon binding. In
Sim5 and Sim6, the CLD taken from the equilibrated structure of Sim3 was
equilibrated for 30 ns, either in the absence of Ca2 (Sim5), or in the absence
of Ca1 and Ca3 (Sim6). These two simulations were to identify the role of the
three Ca21 ions in the structural stability of the CLD. To maintain the neu-
trality of the system, whenever a Ca21 ion was removed, two Na1 ions were
added to the system at random positions in bulk water.
We have also performed six pulling simulations (Pull1-Pull6, Table 2) to
study how the complex of the CLD and 4–5FnIII, particularly their binding
interface, is affected by tensile force in the ECM. The equilibrated structures
of the complex taken from Sim1 (with all the Ca21 ions present) and Sim2
(no Ca21) were chosen as the starting points for these simulations. In all the
simulations, the two termini of 4–5FnIII were fixed and the CLD was pulled
either from the N-terminus (Pull1-Pull4), or from the center of mass of the
CLD (Pull5 and Pull6). Specifically, the N-terminal Ca atom or the center of
mass of the CLD was subject to a harmonic constraint with a force constant of
486 pN/A˚ (7 kCal/(mol.A˚2)), that moved along the direction perpendicular to
the binding interface at a constant velocity until the CLD and 4–5FnIII sep-
arated. The applied pulling velocity was 5 A˚/ns in Pull1 and Pull2, and 1 A˚/ns
in Pull3-Pull6 (Table 2).
RESULTS AND DISCUSSION
The binding interface between the CLD and 4–5FnIII can be
characterized as three main areas (2). These areas, denoted as
I, II, and III, are shown in Fig. 1, for a snapshot taken after 10
ns of equilibration of the complex of the CLD and 4–5FnIII
with all the three resolved Ca21 ions present (Sim1). The
three binding areas in the original crystallographic structure
TABLE 1 Equilibrium simulations
Simulation System
Simulation
time (ns) Ca21 ions
Sim1 CLD, 4–5FnIII 10 Ca1, Ca2, Ca3
Sim2 CLD, 4–5FnIII 30 None
Sim3 CLD 10 Ca1, Ca2, Ca3
Sim4 4–5FnIII 10 N/A
Sim5 CLD 30 Ca1, Ca3
Sim6 CLD 30 Ca2
TABLE 2 Pulling simulations performed on the complex of
the CLD and 4–5FnIII
Simulation
Pulling
speed (A˚/ns) Ca21 ions Pulled point
Simulation
time (ns)
Pull1 5 Ca1, Ca2, Ca3 CLD N-terminus 9
Pull2 5 None CLD N-terminus 9
Pull3 1 Ca1, Ca2, Ca3 CLD N-terminus 40
Pull4 1 None CLD N-terminus 40
Pull5 1 Ca1, Ca2, Ca3 CLD center of mass 40
Pull6 1 None CLD center of mass 40
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are also shown for comparison, indicating that no major
structural changes occur during the MD relaxation of the
crystal structure. In binding area I (Fig. 1 B), hydrophobic
residues Phe92 and Phe93 at the tip of the L4 loop of the CLD
bind into a hydrophobic pocket in 4FnIII formed by Tyr136,
VaL127, Gly165, Pro177, and Thr179; in binding area II (Fig.
1 C), hydrophobic residue Leu131 at the tip of the CC’ loop of
4FnIII binds into a hydrophobic pocket in the CLD formed by
Leu119, Val101, and Tyr117; and in binding area III (Fig. 1 C),
salt bridges between Glu161 on 4FnIII and Arg21 on the CLD,
and between Arg183 on 4FnIII and Asp56 on the CLD, as well
as the hydrogen bonds between Arg260 on 5FnIII and the
carbonyl groups of Asn53 and Ala54 stabilize the structure of
the complex.
Indirect role of Ca21 in the binding of the CLD
and 4–5FnIII
The first two equilibrium simulations (Sim1 and Sim2) in-
vestigate the effect of the Ca21 ions on the structure and
dynamics of the complex of the CLD and 4–5FnIII. No major
structural changes in the individual CLD and 4–5FnIII do-
mains and at their binding interface are observed during the
10-ns equilibration of their complex in the presence of all the
three Ca21 ions; the backbone RMSDs of the CLD, 4–5FnIII,
and of the complex level off to values of 1.5 A˚, 2.3 A˚, and
2.0 A˚, respectively. During the 30-ns equilibration of the com-
plex structure after removal of all Ca21 ions (Sim2), small
changes in the L1 and L4 loops (Fig. 2 A) of the CLD are
observed. However, the magnitude of these changes is small.
The backbone RMSDs of the CLD, 4–5FnIII, and the com-
plex, plateau to 1.7 A˚, 2.3 A˚, and 2.2 A˚, respectively. The
small change at the L4 loop in the absence of the Ca21 ions
does not seem to weaken the binding in binding area I. For
example, the van der Waals interaction energy of Phe92 and
Phe93 in the CLD with all the hydrophobic residues in 4–5FnIII
are comparable in the presence and absence of the three Ca21
ions (9.6 6 1.9 vs. 13.5 6 2.0 kcal/mol). These results
support the structural stability of the complex, but do not shed
light on the role of Ca21 ions in the binding. In fact, they
might even argue against a role of Ca21 in the binding, as the
structure of the complex does not seem to be affected by the
removal of the Ca21 ions.
In the equilibrium simulations of individual CLD (in the
presence of Ca21 ions) and 4–5FnIII (Sim-3 and Sim-4), no
structural changes are observed except a small change at the
tip of L4 loop; their backbone RMSDs level off to values of
1.5 A˚ and 2.5 A˚, respectively. Particularly, the approximately
flat binding surface of the CLD, which includes the L4 loop,
remains structurally invariant from that in the complex
(Fig. 2 B). Only at the tip of the L4 loop, a small structural
change is observed, which is caused by the separation of
Phe92 and Phe93 from the hydrophobic pocket in 4–5FnIII
where they used to be bound in the complex. As discussed
later, this structural change is much smaller compared to that
resulted from the removal of Ca2 from the isolated CLD
(Sim5). The backbone RMSD of the L4 loop also levels off to
1.5 A˚. The similarity of the structures of the individual CLD
and 4–5FnIII modules to those in the complex suggests that no
major structural changes accompany the binding of the two
proteins, i.e., residues constituting the binding surfaces of the
two proteins are already in the optimal position for the
binding.
Removal of Ca2 significantly affects the structure of the
CLD binding surface. Fig. 3 A compares the structures of the
CLD in the presence and absence of Ca2 (Sim3 and Sim5,
respectively). In the absence of Ca2, the L4 loop deviates
significantly from that in the presence of Ca2. Therefore, Ca2
seems to be required for maintaining the structure of the L4
loop, which constitutes an important part of the CLD binding
FIGURE 2 (A) Effect of Ca21 ions to the structure of the complex. Ten
frames of the CLD taken from the 10-ns equilibrium simulation of the
complex in the absence of all the Ca21 ions (Sim2) are shown in darker
shading, and 10 frames of the CLD from the 10-ns simulation of the complex
structure in the presence of the Ca21 ions (Sim1) are shown in lighter
shading. The time elapse between consecutive frames is 1 ns. Typical
conformations of the 4–5FnIII in the absence (darker shading) and presence
(lighter shading) of all the Ca21 ions are also shown. The Ca21 ions do not
seem to have any significant effect on the structure of the complex. (B) Effect
of binding on the structure of the binding surface of the CLD. Ten frames of
the CLD taken from the 10-ns equilibrium simulation of isolated CLD
(Sim3) are shown in darker shading, and 10 frames of the CLD from the
10-ns simulation of the complex structure (Sim1) in lighter shading. The
time elapse between consecutive frames is 1 ns. The average structure of
4–5FnIII from the 10-ns equilibrium simulation of the complex is also shown.
The structure of the CLD binding surface does not seem to be significantly
affected by unbinding/binding to 4–5FnIII.
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surface. This structural role of Ca2 can be explained by the
interactions depicted in Fig. 1 E; Ca2 maintains the structure
of the L4 loop by bridging Asp90 on the L4 loop to Glu97 and
Asp112 on the core of the CLD. Note also that Phe92 and
Phe93, which are responsible for hydrophobic interactions in
binding area I, are situated between the residues Asp90 and
Glu97 that coordinate Ca2 (Fig. 1 E). Thus, through main-
taining the structure of the L4 loop, Ca2 not only preserves
the flat structure of the CLD at the binding interface, but also
keeps the critical binding residues, Phe92 and Phe93, of the
loop in optimal positions for binding. In the absence of Ca2,
the negatively charged residues that coordinate Ca2 repel
each other (Fig. 3 B), causing structural changes of the L4
loop (Fig. 3 A), which in turn result in repositioning of Phe92
and Phe93. These effects altogether result in the destruction of
the binding surface of the CLD.
In addition to Phe92 and Phe93, there are other hydrophobic
residues (Pro89 and Ala94) on the L4 loop. In the presence of
Ca2, all these hydrophobic residues are restrained in their
positions and extend out into the solution (a representative
configuration of which is shown in Fig. 3 C). After removal
of Ca2, hydrophobic residues of the L4 loop gain a signifi-
cantly higher flexibility and tend to cluster with themselves
and with other hydrophobic residues, e.g., Pro114 and Val113
on the core structure of the CLD. A representative configu-
ration of these residues during the 30-ns equilibration in the
absence of Ca2 is also shown in Fig. 3 C. The clustering of
these hydrophobic residues constitutes another driving force
for the conformational change of the L4 loop (Fig. 3 C).
In contrast to Ca2, Ca1 and Ca3 do not seem to affect the
binding surface. Fig. 3 D shows the conformations of the
CLD in the presence and absence of these two ions (Sim3 and
FIGURE 3 Structural role of Ca21. (A) Ten frames of
conformations of the CLD in the presence (lighter shading)
and absence (darker shading) of Ca2 taken from Sim3 and
Sim5, respectively. (B) Representative configurations of the
residues that coordinate Ca2 in the equilibration of the CLD
in the presence (lighter shading) and absence of Ca2
(darker shading) taken from Sim3 and Sim5, respectively.
(C) Representative configurations of the hydrophobic res-
idues on the L4 loop in the equilibration of the CLD in the
presence (lighter shading) and absence of Ca2 (darker
shading) taken from Sim3 and Sim5, respectively. (D) An
overlay of 10 frames of the CLD in the presence (lighter
shading) and absence (darker shading) of Ca1 and Ca3,
taken from Sim3 and Sim6, respectively. (E) Representa-
tive configurations of the residues that coordinate Ca1 and
Ca3 in the equilibration of the CLD in the presence (lighter
shading) and absence (darker shading) of Ca1 and Ca3
taken from Sim3 and Sim6, respectively. Shown in panel F
are backbone RMSDs of the L4 loop in the absence of Ca2
(Sim5) and in the absence of Ca1 and Ca3 (Sim6), as well
as that in the presence of all the Ca21 ions (Sim3). The time
elapse between consecutive frames in panels A and D is
1 ns.
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Sim6, respectively). A much smaller structural change is
observed at the CLD binding surface when Ca1 and Ca3 are
removed, in comparison to the removal of Ca2. This can be
explained by interactions depicted in Fig. 1 F: Ca1 and Ca3
maintain the structure of the L1 loop, not the L4 loop, by
bridging Glu68 and Asp64 on the L1 loop to Asp98 on the core
of the CLD. The removal of Ca1 and Ca3 also causes the
carboxylate ligands (Asp64, Glu68, and Asp98) to repel each
other, and affect the structure of the L1 loop (Fig. 3 E). Due to
the proximity of Asp98 to the L4 loop (Fig. 1 F), the removal
of Ca1 and Ca3 also has some effect on the L4 loop, but this
effect is much smaller compared to the removal of Ca2.
Overall, the main effect of the removal of Ca1 and Ca3 is an
increase of the distance between the L1 and L4 loops (Fig.
1 D).
Fig. 3 F compares the RMSDs of the L4 loop after removal
of Ca2 and after removal of Ca1 and Ca3 (Sim5 and Sim6). A
much larger RMSD is observed when Ca2 is removed
compared to when Ca1 and Ca3 are removed. Also note that
the RMSDs are comparable when Ca1 and Ca3 are removed
and when all the Ca21 ions are present. Altogether, our re-
sults do not support a role for Ca1 and Ca3 in the binding of
CLD and 4–5FnIII.
Tension-induced unbinding of the CLD
and 4–5FnIII
We next looked at the response of the binding interface to
external forces and investigated the effect of the Ca21 ions on
the sequence of unbinding events and the force required for
unbinding of the CLD and 4–5FnIII. In the first four of these
simulations, the CLD was pulled from its N-terminus along
the direction perpendicular to the binding interface (Fig. 4) at
different pulling speeds (5 A˚/ns and 1 A˚/ns), and in the ab-
sence or the presence of the Ca21 ions (Table 2). The tensile
loading results in the unbinding of the CLD from 4–5FnIII by
breaking first the electrostatic interactions (binding area III in
Fig. 1), both in the presence and the absence of the Ca21 ions,
at both pulling speeds (Fig. 4). Once the electrostatic inter-
actions are broken, the hydrophobic interactions in binding
areas I and II break rapidly. The sequence of unbinding
events does not appear to depend on Ca21 ions. The force
profiles are also similar in the presence and the absence of the
Ca21 ions; the maximum forces correspond to breaking of
the electrostatic interactions in binding area III (Fig. 4), and
are independent of the Ca21 ions, which reside in binding
area I (Fig. 4).
To ensure that the sequence of the unbinding events is also
independent of the pulling protocol, in the last two pulling
simulations (Pull5 and Pull6), the CLD was pulled from its
center of mass at a speed of 1 A˚/ns. These simulations re-
sulted in the same sequence of unbinding events; the elec-
trostatic interactions in binding area III break first, and then
the hydrophobic interactions in binding areas I and II. Force
profiles are also similar, in the sense that the maximum forces
always correspond to the disruption of the electrostatic in-
teractions in binding area III. Independence of the forces and
the unbinding sequence on the Ca21 ions further underlines
the indirect role of Ca21 ions in the binding process.
There are, however, minor differences in the detailed force
profiles between these two pulling protocols. Two distinct
peaks in the force profile are seen when the CLD is pulled from
the center of mass in the presence of the Ca21 ions. This is
caused by a small difference in the breaking the electrostatic
interactions in binding area III. In this simulation, the binding
area III breaks in two steps by first breaking the hydrogen
bonds formed between Arg260 on 5FnIII and the carbonyl
groups of Asn53 and Ala54 (Fig. 1C), followed by the breaking
of the salt bridges between Glu161 on 4FnIII and Arg21 on the
CLD, and between Arg183 on 4FnIII and Asp56 on the CLD. In
all the other pulling simulations, these hydrogen bonds and
FIGURE 4 Unbinding of the CLD and 4–5FnIII. The snapshots shown are
taken from the simulation in the presence of all the Ca21 ions (Pull3), with
the CLD pulled from its N-terminus. The forces during the pulling are also
shown as a function of time (left panel: Pull3 and Pull4, pulled from the
N-terminus; right panel: Pull5 and Pull6, pulled from the center of mass).
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salt bridges break approximately at the same time, and thus
only one major peak is observed. This difference is likely due
to the stochastic nature of the process, rather than the effect of
the Ca21 ions, since the ions are all localized around the
binding area I, i.e., far away from the electrostatic interactions
in the binding area III. Also, note that it takes a longer simu-
lation time to induce unbinding when the CLD is pulled from
the N-terminus. This is mainly due to the long floppy N-ter-
minus, which extends during the initial phase of the pulling
simulations, rather than any effect caused by the Ca21 ions.
CONCLUSION
The extracellular matrix (ECM) is an extremely important
component, both structurally and physiologically, in multi-
cellular organisms. Through providing a scaffold, the ECM
plays an important role in anchoring and motion of individual
cells, thus affecting, e.g., tissue integrity and metastasis of
cancer cells. Apart from its static, structural role, the dy-
namics of the ECM and its response to mechanical tension are
also physiologically important, as they constitute key
mechanisms for signal transduction between the cell and its
environment. As such, mechanical properties of the ECM
proteins have been extensively studied.
The ECM is composed of a large number of proteins,
usually in tandem, that form an extensive, complex network
through specific interactions. To understand the organization
of the ECM and how it is affected by tensile force, which is
constantly present in the ECM, it is necessary to understand
the molecular details of interactions underlying the assembly
of the ECM proteins. The binding of the CLD and 4–5FnIII, a
highly Ca21 dependent process, is one of the key interactions
responsible for the assembly of aggrecan, hyaluronan, and
tenascin into extended protein networks in the ECM.
In this study, we have used an extensive set of all-atom
MD simulations to investigate the role of the Ca21 ions in the
binding of the CLD and 4–5FnIII, based on which we confirm
an indirect role for Ca21 in the binding of these proteins.
None of the structurally bound Ca21 ions provides a bridging
role in the structure of the complex of the CLD and 4–5FnIII.
Our simulations show, however, that one of the Ca21 ions
(Ca2) is crucial for structural stability of the binding inter-
face, and that removal of this Ca21 ion results in a significant
destruction of the interface. Ca2 appears to play its role by
anchoring the L4 loop to the core of the CLD, which in turn
positions hydrophobic residues important for the binding
(e.g., Phe92 and Phe93) at their optimal binding conforma-
tions. The other two structurally resolved Ca21 ions did not
prove important for the binding.
In response to tensile force, the CLD and 4–5FnIII separate
by breaking first their electrostatic interactions, and then the
hydrophobic ones. The unbinding sequence and the force
profiles are independent of the Ca21 ions, an observation
which further underlines the indirect role of Ca21 in the
binding.
Ca21 ions play key structural roles in biological systems.
They have been also implicated in the formation of com-
plexes between different macromolecular structures where
they usually directly and favorably interact with the two
binding partners, thus stabilizing the complex. The system
reported in this study is one of the first examples in which we
demonstrate an indirect role for Ca21 in the binding of two
proteins. Along with the growing number of structurally re-
solved protein complexes, we might expect such an unusual
role of Ca21 to be a common mechanism in the assembly of
multiprotein structures.
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